Environmental context. Dissolved organic matter (DOM) plays an important role in influencing the migration and ultimate fate of metals. Different sources of pollution resulted in changes in the structure of sediment DOM in Lake Wuliangsuhai. We investigate the binding properties of DOM with Cu II and Hg II using fluorescence quenching combined with two-dimensional correlation spectroscopy (2D-COS) in order to demonstrate the influence of different sources of DOM on metals.
Introduction
Dissolved organic matter (DOM) is known to contain a mixture of organic compounds found ubiquitously in aquatic environments.
[1] DOM plays a major role in influencing the bioavailability, toxicity and ultimate fate of metals in the environment. [2, 3] In aquatic ecosystems, DOM can be mainly classified into autochthonous sources (i.e. algae, bacteria, and macrophytes) and allochthonous sources (i.e. agricultural waste, soil-leached organic materials, domestic wastewater and industrial organic pollutants). [4, 5] The rapid development of agriculture and industry has led to large amounts of allochthonous DOM being released into water, resulting in large changes in the composition and concentration of DOM. [6] A large amount of organic matter enters lakes and affects the distribution of fluorophores in DOM, which can greatly affect the water quality in aquatic environments, and can also affect the mobilisation and transportation of heavy metals (HMs). [7] Moreover, changes in the structure and composition of DOM can provide information about not only the complexation of DOM with HMs, but also the binding behaviours of heterogeneous HMs, [8, 9] indicating that DOM is an important component in understanding and managing aquatic environments.
Fluorescence spectroscopy is a simple, sensitive and nondestructive technique that can provide valuable information regarding the molecular structure of DOM. [10, 11] Fluorescence quenching titration has been widely used to study the binding properties of metal ions and DOM. [12] [13] [14] [15] Recently, parallel factor (PARAFAC) analysis has greatly improved the quantitative interpretation of fluorescence excitation-emission matrices (EEMs). [16] The binding properties between DOM and metals were well characterised by EEM quenching combined with PARAFAC. [14, 17] However, the method does not account for differences in metal binding characteristics caused by the extreme heterogeneity of DOM. [12, 18] Two-dimensional correlation spectroscopy (2D-COS) has been widely applied to resolve peak overlap problems and to enhance the spectral resolution by extending peaks along the second dimension. [19] In addition, 2D-COS allows the easy identification of the sequential order of any subtle spectral change arising from external perturbations (e.g. pressure, temperature or concentration changes) over a second dimension. These powerful functions make 2D-COS very attractive for identifying the sequencing of metal-induced spectral changes (e.g. binding sites) and consequently the binding mechanisms. [9, 20] Recent studies have shown that fluorescence quenching titration combined with 2D-COS has been a useful tool for characterising the binding properties of DOM from leaf litter, soil and algal matter. [9, 21] . Lake Wuliangsuhai (108843 0 -108857 0 E, 40827 0 -40803 0 N) is the largest freshwater wetland in Inner Mongolia, in the Yellow River basin. The soils in the Lake Wuliangsuhai region have suffered from serious erosion and salinisation. [22] The wetland is filled by drainage from surrounding agricultural land, and from upstream industrial wastewater and domestic sewage water. These effluents are discharged into the Yellow River after being purified by Lake Wuliangsuhai. However, because these effluents come from several sources, differences in the structure and composition of the DOM in Lake Wuliangsuhai influence the binding properties of metal ions and DOM. Our previous research has shown that the fulvic-like substances in soil DOM and protein-like material in sediment DOM were quenched by increasing Cu II and Hg II concentrations in Lake Wuliangsuhai. [7, 23] A large logarithmic stability constant showed that DOM has a high Cu binding affinity in soils. [23] Because of agricultural drainage, a large number of nonpoint-source pollutants have entered the lake and resulted in changes in the structure of the DOM in the lake sediments. Fluorescence quenching combined with EEM indicated that sediments that have suffered from the influence of agricultural drainage showed a lower logarithmic stability constant for protein-like material than those that have suffered from industrial wastewater and domestic sewage. [7] However, the complexation parameters of humic-like substances cannot be calculated because of the effect of strong protein-like peaks. It is expected that the combination of 2D-COS and synchronous fluorescence spectra, however, may provide enhanced insight into the HM-DOM interaction. The objectives of the present study were (i) to identify the differences in fluorescence characteristics and Cu II and Hg II binding properties of DOM from lake sediment subjected to different pollutant sources, using 2D-COS combined with synchronous fluorescence spectra; (ii) to determine the binding capacities and stability constants of Cu II and Hg II with fluorescent DOM using the Ryan-Weber non-linear model; and (iii) to analyse the potential effect of the complexing capacity of HM-DOM on the lake's ecological environment.
Experimental
Sample collection and pretreatment Three sediment samples (L1, L2 and L3) were collected from Lake Wuliangsuhai using a home-made gravity sampler on 18 November 2009, immediately placed into a foam insulation box with refrigerant to preserve the samples, and then transferred to the laboratory packed in ice. The L1 site was located in the downstream area of the Total Drain, and received upstream industrial wastewater and domestic sewage (Fig. 1) . The L2 site was influenced by the drainage of farmland irrigation from the Ninth Drain. The L3 site was located in the lake outlet area. Only the surface (0-10-cm) sediment samples were used in our study. Sediments were freeze-dried using a lyophiliser (FD-1A-50, Bilon, Shanghai, China) and ground, then passed through 100-mesh sieves. DOM extractions of seven samples were obtained by mixing one part of solid sample with two parts of ultrapure water and continuously shaking the resulting mixture for 24 h. Extracts were centrifuged for 10 min at 7000 rpm at 4 8C and filtered through a 0.45-mm membrane. DOM concentrations were measured using a total organic carbon (TOC) analyser (Multi N/C 2100, Analytikjena, Jena, Germany).
Spectral analysis
Synchronous fluorescence spectra of the sediment DOM were recorded in 1-cm quartz fluorescence cells at room temperature (20 8C), using a Hitachi F-7000 (F-7000, Hitachi, Japan) fluorescence spectrofluorometer equipped with a 150-W Xenon arc lamp as the light source. Both excitation and emission slits were adjusted to 5 nm, and the excitation spectra -ranging from 250 to 600 nm -were collected with a constant offset (Dl 55 nm). The samples were diluted to 10 mg C L À1 for the fluorescence measurements. The fluorescence response to a blank solution (Milli-Q ultrapure water) was subtracted from the spectrum of each sample to eliminate Raman peaks. [24] The scan speed and response were set to 240 nm min À1 and 0.5 s respectively. Three relative fluorescence regions were assigned to proteinlike (PLR), fulvic-like (FLR) and humic-like fluorescence (HLR), each of which corresponds to the integrated areas of the fluorescence intensities at wavelengths of 250-300, 300-380 and 380-600 nm respectively. [25] The terms %PLR, %FLR and %HLR are used to denote the relative percentages of the integrated areas.
Two-dimensional correlation spectroscopy 2D-COS was performed using the synchronous fluorescence spectra with various concentrations of added metals. These added metals were used as external perturbation.
The theoretical basis of 2D-COS has been explained by Ozaki et al. [26] Hence, the reconstructed spectral data sets (synchronous and asynchronous) were transformed into a new spectral matrix suitable for 2D-COS mapping using the 2D Shige software released by Kwansei-Gakuin University. [27] Fluorescence quenching experiments and complexation modelling Fluorescence quenching titration was employed to characterise the complexation of copper and mercury with DOM. The adjustments of pH values were performed by adding small amounts of 0.1 M NaOH or HNO 3 solutions to the desired levels (pH ¼ 8 AE 0.05, T ¼ 25 AE 0.2 8C). Aliquots of the stock solutions were then spiked into a series of vials so that nine different copper and mercury concentrations, varying from 0 to 80 mM in 10-mM increments (0, 10, 20, 30, 40, 50, 60, 70 and 80 mM) were prepared in batches. The vials were placed on a shaker at low speed and allowed to equilibrate for 24 h at room temperature (20 8C) .
For the present study, the Ryan-Weber non-linear model was applied to estimate the parameters related to the metal binding with DOM. This model is based on the assumption that metal ion binding occurs at identical and independent binding sites or ligands, and only 1 : 1 metal-ligand complexes are formed. [28] The fluorescence quenching titration-based models were applied to 2D-COS in the current study for characterising the heterogeneity of the DOM in copper binding. The Ryan-Weber model equation is given by:
where I and I 0 are the fluorescence intensity at the metal concentration, C M , and at the beginning of the titration (with no added metals) respectively; I ML is the limiting value below which the fluorescence intensity does not change owing to the addition of metal; and K M and C L are the conditional stability constant and total ligand concentration respectively. Non-linear fitting using the quasi-Newton algorithm was applied to estimate I ML , K M and C L . In addition, the fraction of the initial fluorescence that corresponds to the binding fluorophores ( f ) was calculated using Eqn 2:
Results and discussion
Synchronous fluorescence spectra
The synchronous fluorescence spectra of the three sediment DOMs were compared, as shown in Fig. 2 . Three defined peaks could be identified in L2 and L3, but L1 showed only two obvious peaks. The three DOM samples were easily distinguished by the prominent presence of protein-like fluorescence (Peak 1). A high PLR peak was observed for L1, which was influenced by the upstream industrial wastewater and domestic sewage from the Total Drain. [7, 29] Those pollutants provided abundant nutrient material for microorganisms in the sediment, resulting in autochthonous protein-like fluorescence. [7] By contrast, a relatively low FLR and HLR were exhibited by L1. These humic-like substances may be derived from microbial processing as microbial humic-like components. [14] Drainage of irrigated farmland resulted in a large number of agricultural non-point pollutants flowing into the L2 area. However, DOM from the drainage of irrigated farmland has a low degree of aromaticity and humification as a result of serious soil erosion and salinisation. [29] Therefore, L2 exhibited lower PLR than did L1. A high FLR was found in L2, suggesting more terrestrial DOM sources. L3 produced a markedly high PLR; this sample was located in the lake outlet area. With the development of industrial and agricultural production and increased urban population, industrial wastewater and urban sewage have increased year by year in Lake Wuliangsuhai. Lake eutrophication has become more and more serious. Many contaminants have flowed into the lake and have led to a decrease in the water's self-purification ability, resulting in a very high PLR.
2D-COS results for DOM-Cu II Fig. 3 displays the synchronous and asynchronous 2D correlation maps generated from the synchronous fluorescence spectra of DOM-Cu. The synchronous map is symmetrical around the main diagonal, and correlation peaks appear in both the main diagonal and the off-diagonal area. Fig. 3 indicates that L2 showed two auto-peaks (273 and 363 nm). There is one positive auto-peak (275 nm) along the main diagonal line of the synchronous maps in both L1 and L3. An auto-peak represents the overall susceptibility of the corresponding spectral region to a change in spectral intensity as an external perturbation is applied to the system. [19, 30] The intensities of auto-peaks decreased as the wavelength increased from 273 to 364 nm for L2, indicating a greater susceptibility to decrease in fluorescence intensity on the addition of copper at 273 nm. There were one, three and two cross-peaks for L1, L2 and L3 respectively. The lower positive areas off the diagonal extended to wavelengths of 400 nm for L2, and 380 nm for L1 and L3. These results suggest that these fulvic-like and humic-like substances can also interact with Cu II . However, the susceptibility of fluorescence quenching at the longer wavelengths was less pronounced for the lake sediment DOM. These results are consistent with our previous study. [7] Fig. 3 also suggests that the susceptibility on the addition of Cu II ions was slightly higher for humic-like substances than for fulvic-like substances.
The asynchronous maps are asymmetric with respect to the diagonal line and show no auto-peaks, which reveals the degree of the sequential changes at the two different wavelengths with the addition of metal ions (i.e. the extent to which the fluorescence intensity changes at one wavelength either leads or lags behind that at the other wavelength). [9] One positive and two negative peak areas were observed off the diagonal line (x 1 ) of the asynchronous map for L1 (Fig. 3b) . A large positive peak area appeared at the x 1 wavelength of 280 nm, suggesting that the effect of copper complexation may be stronger at shorter wavelengths than at longer wavelengths. According to Noda's rule, [19] the sequence of the binding affinities with copper follows the order 280 -365 -303 nm in the L1 map. The upstream industrial wastewater and domestic sewage from the Total Drain resulted in a strong protein-like fluorescence that indicated a chance to bind with Cu II . Five positive and three negative peaks were observed at the x 1 wavelength of the L2. Fig. 3d shows a large positive correlation at 280 nm and a negative correlation at 363 nm for x 1 . This result indicates that fluorescence quenching occurred intensely at both the longer wavelength (i.e. 363 nm) and the shorter wavelength (i.e. 280 nm) for L2. A large number of agricultural non-point pollutants from the drainage of irrigated farmland may be a potential factor for the component variability of DOM. Table 1 indicates an accordingly large %FLR value for L2. Although the other cross-peaks were relatively weak, the results also showed that the copper binding sites of the L2 might be heterogeneously distributed over the wavelength range with respect to their binding affinity.
One positive and two negative cross-peaks were observed below the diagonal line in the L3 map for x 1 . The sequence of the binding affinities with copper followed the order 280 -364 -320 nm in the L3 sample. More importantly, the asynchronous maps reveal that L2 exhibited more binding sites than either L1 or L3 for copper complexation. Clearly, the application of 2D-COS can provide more information on metal binding sites, as well as binding sequencing, compared with one-dimensional fluorescence spectroscopy.
2D-COS results for DOM-Hg

II
Synchronous and asynchronous 2D correlation maps generated from the synchronous fluorescence spectra of DOM-Hg are shown in Fig. 4 . An auto-peak and a cross-peak can be seen clearly in the synchronous map for L1 (Fig. 4a) . One auto-peak and two cross-peaks appear in the synchronous maps of DOMHg for L2 and L3 (Fig. 4c, e) . These results are consistent with the results from the DOM-Cu: that the susceptibility of fluorescence quenching at longer wavelengths was less pronounced. Fig. 4b , the asynchronous map for L1, shows one positive and two negative peak areas off the diagonal line (x 1 ). The sequence of the binding affinities with Hg II follows the order 280 -365 -319 nm in the L1 sample. This result indicates that DOM binding affinities with Cu II and Hg II show the same trend. Fig. 4d had two negative areas at 306 nm and an x 1 /x 2 wavelength pair of 363/276 nm and three positive cross-peaks at 276, 363 and an x 1 /x 2 wavelength pair of 363/306 nm. There was preferential binding with Hg II at 276 nm. These fluorophore bindings with Hg II followed the order 276 -363 -363/306 -306 -363/276 nm. However, there were significantly positive and negative correlations at 276 and 313 nm in the L3 sample, suggesting that Hg II also showed a strong binding affinity with fulvic-like acid substances. This result also indicates that the binding affinities of humic-and fulvic-like substances with Cu II and Hg II were different for L3. Compared with the DOM-Cu, there was a red shift for the DOM-Hg in the L1 sample -from 303 to 319 nm -and a blue shift in the L3 sample, from 320 to 313 nm. The DOM-Hg had relatively fewer binding sites in the L2 sample, whereas the binding affinity of DOM-Cu in the L2 sample showed relatively heterogeneous distribution at the longer wavelength range compared with the DOM-Hg. These results suggest differences in the heterogeneous distribution and binding affinities between DOM-Cu and DOM-Hg. The differing pollution sources had an important effect on these distribution and binding differences.
Conditional stability constants and complexing capacities
Fluorescence quenching experiments indicated that the quenching or enhancement of fluorescence intensity in the DOM-Hg resulted in fitting failure according to the RyanWeber Model. The copper binding parameters were calculated with the best-fit function of the Ryan-Weber model, at the wavelengths corresponding to the main positive and negative peaks of the asynchronous maps of 2D-COS (Table 2) . Although the log K M and f of the DOM-Hg could not be calculated, the results showed that fluorescent DOMs from different sources have different effects on the geochemical behaviour of Hg II . The calculated log K M values for L1 displayed a wide range, from 4.42 to 6.23. The stability constants calculated for L1 were not in accordance with the observed patterns of the corresponding 2D-COS results (Fig. 3b) . This difference may be attributed to the uncertainties associated with the low intensity of the negative peak in the asynchronous 2D spectrum. [9] The DOM at the longer wavelengths exhibited higher log K M values than those at the shorter wavelengths, indicating that a complex compound has high stability at longer wavelengths. This result may be explained by the presence of more aromatic structures at the longer wavelengths, because two adjacent aromatic
Synchronous map
Asynchronous map carboxylic groups or an aromatic carboxylic group, and an adjacent phenolic OH group, are known to form highly stable ring structures with copper. [31] Although DOM showed a high log K M value, at 365 nm, the proportion of organic ligands ( f ) exhibited a low value. However, the relative difference in the binding affinity seems to be significantly influenced by the source and composition of the DOM. [32] Because of the input of upstream industrial wastewater and domestic sewage from the Total Drain, the water body at site L1 has suffered from serious pollution, and those pollutants have provided abundant nutrients for microorganisms and have led to a strong autochthonous protein-like fluorescence in the sediments.
The calculated log K M values for DOM-Cu ranged from 4.75 to 4.86 for L2. These values agree reasonably with the previous interpretation of the 2D-COS maps. For example, they tended to decrease in the order 280 -364 -324 nm, as expected from the spectral patterns of the asynchronous maps and Noda's rule (Table 2) . Although L2 had a high %FLR value, L2 displayed very low log K M values compared with L1, suggesting that the source and composition of the DOM may have an effect on DOM binding affinity. The DOM-Cu binding affinities at 303 and 404 nm could not be modelled with the Ryan-Weber Model owing to low fluorescence intensity.
The DOM of L3 also exhibited a wide range of stability constants with logarithmic values of 4.80 to 5.73. The results were the same as those in L1: the calculated log K M values were not in accordance with the observed patterns of the corresponding 2D-COS results (Table 2 and Fig. 3f ). The fulvic-like acid showed larger log K M values than those of protein-like materials, but the f values were very low in the fulvic-like acid compared with those in the protein-like materials. Fig. 3 shows that fluorescence quenching occurred predominantly at the shorter wavelengths, rather than in the longerwavelength range. For all the DOM-Cu II samples, there was a large f value in the protein-like region. Table 2 shows that the f value tended to decrease in the order L3 -L1 -L2 in the protein-like region, suggesting an impact on the proportion of organic ligands in sediments due to the different sources of pollution. These results are consistent with our previous research on protein-like peaks B and D. [7] Although the traditional approach was used to assess the complexation of the metal binding sites within DOM structures, 2D-COS clearly demonstrated the presence of a heterogeneous distribution of the metal binding sites for copper within DOM. Moreover, sediment DOM can be thought as one of the main factors in assessing the bioavailability, mobilisation and toxicity of HMs in lake ecosystems. The metal binding capacity with inorganic and organic ligands will be reduced by the toxicity of heavy metals. [33] A large number of pollutants have entered Lake Wuliangsuhai because of rapid economic development, and these have affected the metal binding capacity with DOM. The bioavailability, mobilisation and detoxification of HMs in lake ecosystems may be dominated by metal binding with DOM, and may endanger the water quality of the Yellow River.
Conclusions
Complexation between DOM and metal ions can dominate the speciation of trace metals and thus control metal toxicity and bioavailability. Fluorescence quenching has been typically used by selecting from the highest peak of the EEM or synchronous fluorescence spectra. However, this method, even if used widely, can be criticised for its uncertainty in probing the precise binding sites and interpretation of the various binding behaviours. The approach of 2D-COS combined with spectroscopic techniques for DOM studies, however, could probe the heterogeneous binding sites and binding sequences in the spectral variations over a wide range of wavelengths. Natural and sediment DOMs can be considered one of the important factors in assessing the risk of HM contamination in lake ecological environments. In the current study, fluorescence quenching of the synchronous fluorescence spectra and 2D-COS were combined to explore the heterogeneous distribution of the Cu II and Hg II binding sites within each sediment DOM. The results suggested a difference in the heterogeneous distributions and binding affinities between DOM-Cu and DOM-Hg. The sediment DOM was observed to have higher binding affinities for Cu II and Hg II at shorter wavelengths than at longer wavelengths. The log K M values for DOM-Cu showed a high stability at the longer wavelengths, suggesting that aromatic carbon structures may contribute to the enhancement of Cu II binding. The fluorescent fraction in the protein-like region exhibited a large proportion of organic ligands. This result suggests that Cu II binding may be very heterogeneous within the same DOM fraction or in different DOMs, owing to the influence of different pollutants. Therefore, the combined approach of spectroscopic techniques and 2D-COS could be applied as a tool for evaluating the metal binding site heterogeneity of DOM and provide support for the management of lake ecological environments. The peak wavelengths were selected based on the apparent shapes of the synchronous fluorescence spectra in Fig. 1 .
B
The peak wavelengths were selected based on the peaks observed in the synchronous and asynchronous maps of two-dimensional correlation spectroscopy (2D-COS) in Fig. 2 .
